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A B S T R A C T
In this article, we acquire a novel Na2BiMg2(VO4)3 phase (abbreviated as NBMVO) via the substitution of Ca2+
by Na+ and Bi3+ ions in Ca2NaMg2(VO4)3. A series of Eu3+/Sm3+-doped Na2BiMg2(VO4)3 phosphors were
synthesized via a high-temperature solid-state reaction route. XRD patterns for the prepared samples can be
assigned to the standard Ca2NaMg2(VO4)3 phase. For the Na2BiMg2(VO4)3 host, the emission spectrum shows a
wide band from 400 to 800 nm peaking at 535 nm under the optimal 378 nm excitation, which can be decon-
voluted into two symmetric bands around 521 and 579 nm corresponding to transitions 3T2→1A1 and 3T1→1A1
from the (VO4)3- group, respectively. Monitored at 535 nm, the excitation spectrum exhibits a broad band with
two peaks at 378 nm (26455 cm−1) and 324 nm (30864 cm−1), which originate from the transitions 1T2←1A1
and 1T1←1A1 of the (VO4)3- tetrahedron, respectively. When Eu3+ or Sm3+ is doped into the host, the emission
spectra display both the host and the Eu3+ or Sm3+ characteristic emission peaks upon 378 nm excitation,
moreover, the excitation spectra monitored at the Eu3+ (607.5 nm) or Sm3+ (650 nm) characteristic peaks
contain both the host excitation band as well as the Eu3+ or Sm3+ characteristic excitation peaks. These results
demonstrate an eﬃcient energy transfer from the host to the Eu3+ or Sm3+ ions. Furthermore, the variation of
the emission spectra for samples doped with diﬀerent Eu3+ or Sm3+ contents under 378 nm excitation (wit-
nessed by a color change from yellowish green to orange/light orange upon 365 nm UV lamp excitation) and the
corresponding decay times are further used to validate the energy transfer from the (VO4)3- group to the doped
ions. The energy transfer mechanisms for NBMVO:Eu3+ and NBMVO:Sm3+ are determined to be electric dipole-
quadrupole and dipole-dipole interactions, respectively. These results suggest that these materials have potential
as candidate phosphors in UV/n-UV w-LED applications.
1. Introduction
Overall global energy consumption is still increasing, and thus en-
ergy saving is a hot issue attracting much attention. White light-emit-
ting diodes (w-LEDs) have been considered as a next-generation light
source for indoor and outdoor illumination and use in displays because
of their superior merits such as energy saving, high eﬃciency, en-
vironmental friendliness, compact size and so on compared to current
ﬂuorescent and outdoor illumination lamps [1–4]. Currently, a com-
mercial approach to generate white light employs blue LED chips to
excite yellow phosphors (YAG:Ce), yielding white light by combination
of the blue and yellow light [5]. However, the lack of a red component
results in a high correlated color temperature (CCT) and low color
rendering index (CRI), which translates to cold-white light, limiting
further applications where warm-white light is required [6]. Therefore,
many endeavors have been devoted to exploring red-emitting phos-
phors that can be eﬃciently excited by blue light to compensate for the
lack of a red component in w-LEDs, such as Eu2+-doped nitride/oxy-
nitrides and Mn4+-doped ﬂuorides [7–10]. An alternative way to rea-
lize a high quality white light is the employment of ultraviolet (UV)/n-
UV chips combined with tricolor (blue, green, red) phosphors [11]. As
indispensible components in w-LEDs fabrication, exploring new phos-
phors that can be eﬃciently excited by UV/n-UV radiation is a highly
actual research topic.
Inorganic vanadate systems, such as Sr3(VO4)2, Cs5V3O10,
(Ba,Mg,Zn)3(VO4)2, K3Gd(VO4)2 etc., have been reported to be good
self-activated phosphors, which can be eﬀectively excited by UV/n-UV
radiation and display broad emission bands in the visible light region
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attributed to the charge transfer (CT) transition from the O 2p orbital to
the V 3d orbitals in the (VO4)3- group [12–15]. On the basis of this
characteristic, bright and tunable luminescence including white light,
has been observed in vanadates doped with trivalent rare-earth ions,
due to the eﬃcient energy transfer from the (VO4)3- group to the rare-
earth centers if the suitable hosts were chosen [16–19]. What's more,
the use of YVO4:Eu and Y(VO4,SO4):Eu in commercial lighting due to
their very high thermal quenching temperatures illustrates that vana-
dates are good hosts for rare-earth ion incorporation. Bayer ﬁrst re-
ported a series of alkaline earth Ca2NaM2V3O12 (M=Mg2+, Co2+,
Ni2+, Cu2+ and Zn2+) compounds with garnet structure in 1965, where
Ca2+/Na+ ions occupied an eightfold dodecahedral site (a distorted
cube with D2 symmetry) surrounded by oxygen atoms [20]. Subse-
quently, Blasse investigated the luminescence and energy transfer
properties of Eu3+ doped Ca2NaMg2V3O12 [21]. Recently, Dy3+ and
Sm3+ doped Ca2NaMg2V3O12 and nano-sized Eu3+ doped
Ca2NaMg2V3O12 were also reported [22–24]. Moreover, the lumines-
cence properties of Eu3+ doped KCa2Mg2[VO4]3 and NaSr2Mg2[VO4]3
with similar compositions were investigated in detail [25]. When two
Ca2+ ions were substituted by one Na+ and one Ln3+ (Ln=Y, Gd) ion,
phases Na2LnMg2V3O12 (Ln=Y, Gd) with similar structure were gen-
erated [26], which were also self-activated phosphors and could be
doped with Eu3+ to produce a tunable emission color [27,28]. This
ionic substitution is feasible since the ionic radius of Na+ [coordination
number (CN)=8, r= 1.16 Å] is larger than that of Ca2+ (CN=8,
r= 1.12 Å) while Y3+ (CN=8, r= 1.02 Å) or Gd3+ (CN=8,
r= 1.06 Å) is smaller than Ca2+ with eight-fold oxygen coordination.
Furthermore, the charge balance has little eﬀect on the unit cell and
phase. However, to the best of knowledge, there has been very little
reported on the luminescence properties of rare-earth doped
Na2BiMg2V3O12 phosphors, which can be obtained via the substitution
of one larger Na+ ion and one larger Bi3+ ion (CN=8, r= 1.17 Å) for
two smaller Ca2+ ions. In this paper, we have prepared Eu3+ and Sm3+
doped Na2BiMg2V3O12 phosphors and investigated the phases, lumi-
nescence and energy transfer properties of as-prepared samples in de-
tail. Tunable luminescence colors from yellowish green to orange/light
orange can be realized by adjusting the concentration of the rare-earth
ions. These results suggest that these materials can be promising
phosphors with tunable luminescence for application in w-LEDs.
2. Experimental section
2.1. Materials preparation
A series of polycrystalline samples with the compositions of Na2Bi1-
xMg2V3O12:xEu3+ and Na2Bi1-yMg2V3O12:ySm3+ (abbreviated as
NBMVO:xEu3+ and NBMVO:ySm3+) were synthesized via a high-tem-
perature solid-state reaction route. In a typical preparation procedure,
the raw materials of Na2CO3 (AR), Bi2O3 (99.9%), (MgCO3)4·Mg
(OH)2·5H2O (AR), V2O5 (AR), Eu(NO3)3·5H2O (99.9%), and Sm
(NO3)3·6H2O (99.9%) were ﬁrst stoichiometrically weighed according
to the chemical formula and mixed in an agate mortar with proper
addition of ethanol. After that, the mixtures needed to be ground for
about 15min to make them homogenous, then they were transferred to
the heating furnace for drying during 5min. Subsequently, the mixtures
were transferred into ceramic crucibles to sinter for 8 h at a temperature
of 680 °C with a heating rate of 10 °C/min. Finally, the products were
cooled inside the box furnace and ground for further characterization.
2.2. Materials characterization
Powder X-ray diﬀraction (PXRD) measurements were conducted on
a Thermo Scientiﬁc ARLX’TRA diﬀractometer equipped with a Cu Kα
(λ=1.5405 Å) source, keeping the scan rate at 50/min in the scattering
angle range (2θ) of 150-650. Fourier transform infrared (FT-IR) spectra
were acquired using an FT-IR-RAMAN-DRIFT NICOLET 6700 setup.
Photoluminescence (PL) and luminescence lifetimes characterizations
were conducted on an Edinburgh Instruments FLSP 920 UV-vis-NIR
spectroﬂuorimeter. To estimate the material performance for color lu-
minescent emission, a freeware program (CIE 1931) was used to cal-
culate CIE chromaticity coordinates. All the measurements were carried
out at room temperature.
3. Results and discussion
3.1. Phase identiﬁcation and crystal structure
Fig. 1 shows the XRD patterns for the Na2BiMg2(VO4)3 host and the
NBMVO:xEu3+/ySm3+ (left) and the crystal structure of the
Na2BiMg2(VO4)3 compound (right). All the patterns can be well in-
dexed to the standard Ca2NaMg2(VO4)3 compound (ICSD 281550),
which illustrates that a pure phase has been obtained in all the as-
prepared samples. However, it is clear that the corresponding patterns
of the Na2BiMg2(VO4)3 compound shift to smaller diﬀraction angles
relative to the standard Ca2NaMg2(VO4)3 compound, which is illu-
strated by the strongest peak in the olive dash circle in Fig. 1. As seen
from the crystal structure (right-hand side of Fig. 1), the compound
crystallizes in the cubic system with the Ia-3d space group, in which the
Na and Bi atoms occupy the same site, coordinated with eight oxygen
atoms, and V is coordinated with four oxygen atoms. The lattice para-
meter a in Na2BiMg2(VO4)3 is determined to be 12.6877 Å from the
approximate reﬁnement with Jade 5.0 software, which is larger than
that of a= 12.397 Å in the reference Ca2NaMg2(VO4)3 compound. This
result is consistent with the corresponding shift in XRD patterns and can
be interpreted according to the Bragg formula of 2dsinθ=nλ [29],
where d is the interplanar spacing, θ is the half diﬀraction angle, nλ is a
constant for a ﬁxed XRD source. As mentioned above, the ionic radius of
Na+ [coordination number (CN)=8, r= 1.16 Å] and Bi3+ (CN=8,
r= 1.17 Å) are both larger than that of Ca2+ (CN=8, r= 1.12 Å), thus
when one Na+ and one Bi3+ ion substitute two Ca2+ ions in
Fig. 1. Left: XRD patterns of as-prepared Na2BiMg2(VO4)3 host and NBMVO:xEu3+/ySm3+ with diﬀerent doping concentrations of Eu3+ and Sm3+ as well as the
standard Ca2NaMg2(VO4)3 pattern (ICSD 281550); Right: Structure of Na2BiMg2(VO4)3 host with Na,Bi and V coordination polyhedra.
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Ca2NaMg2(VO4)3 to generate Na2BiMg2(VO4)3, the NaO8 and BiO8 co-
ordination polyhedra will dilate, which results in a larger unit cell and
corresponding d, since nλ is a constant, the diﬀraction angle θ should
be smaller, which leads to the evidently observed shift in XRD patterns.
The FT-IR spectra within the range of 400–2500 cm−1 for NBMVO,
NBMVO:0.12Eu3+ and NBMVO:0.12Sm3+ samples are shown in Fig. 2
in order to identify the vanadate group and judge whether the phase is
diﬀerent after the introduction of the doping ions into the host. It is
observed that the three proﬁles are very similar to each other, which
illustrates that incorporation of Eu3+ and Sm3+ ions into the host has
little inﬂuence on the phase, which is consistent with the XRD results
presented above. More speciﬁcally, the peaks within the region of
1100–400 cm−1, mainly at 883 and 670 cm−1, correspond to sym-
metric and asymmetric stretching vibrations of the V-O bond in the
(VO4)3- groups [30,31]. Another band, locating at 1738 cm−1, com-
monly originates from H-O-H bending vibration of water molecules
adsorbed on the surface of the samples [32].
3.2. Photoluminescence properties
Fig. 3a shows the photoluminescence (PL) emission and excitation
spectra of the Na2BiMg2(VO4)3 host. As reported, the molecular orbitals
of the V5+ ion with Td tetrahedron symmetry in the (VO4)3- group have
a ground state 1A1 and excited states 1T1, 1T2, 3T1, and 3T2 [33], as
presented in the inset in Fig. 3a. It can be seen that the emission
spectrum excited at 378 nm contains a broad band from 400 to 800 nm
peaking at 535 nm. It can be decomposed into two symmetric bands
with maxima at 521 and 579 nm, which correspond to the transitions
3T2→1A1 and 3T1→1A1 in the (VO4)3- group, respectively. The energy
gap between the two levels 3T2 and 3T1 has been calculated to be
1997 cm−1, as shown in the inset of Fig. 3a. The colors of the sample
under daylight (yellow) and a 365 nm UV lamp (yellowish green) are
shown for comparison. It was found that the dominant excitation and
emission peaks in the Na2BiMg2(VO4)3 host shift from 355/
340 nm–378 nm and from 515/521 nm–535 nm by comparing to the
original Na2LnMg2V3O12 (Ln=Y, Gd) material, which is attributed to
the presence of diﬀerent cations around the (VO4)3- group [26–28].
Generally, the 3T1 and 3T2→1A1 transitions are forbidden when the V
atom sits in an ideal tetrahedral symmetry [33]. However, the (VO4)3-
groups are distorted from the ideal tetrahedron because of the neigh-
boring NaO8/BiO8 polyhedron and the MgO6 octahedron, which inﬂu-
ence them, resulting in intense luminescence transitions. The excitation
spectrum monitored at 535 nm shows a wide band ranging from 250 to
415 nm which is attributed to the ligand-metal CT transition from the
2p orbital of O2− to the 3d orbital of V5+ within the tetrahedrally
coordinated (VO4)3- groups. It contains two obvious peaks at 324 and
378 nm, which can be assigned to the 1T2←1A1 and 1T1←1A1 transitions
of the (VO4)3- tetrahedron with an energy gap of 4409 cm−1 between
1T2 and 1T1, respectively. The energy levels and transitions are shown
as an insert into Fig. 3a to illustrate the transitional processes in the
(VO4)3- groups. The decay curve (λex= 378 nm, λem=535 nm) was
measured to investigate the decay dynamics of the host luminescence,
as shown in Fig. 3b, which can be ﬁtted well with a bi-exponential
function using the following equation [34,35]:
= + − + −I t I A t τ A t τ( ) exp( / ) exp( / )0 1 1 2 2 (1)
where I(t) and I0 correspond to the intensity at the time of t and 0,
respectively, both A1 and A2 are constants, τ1 and τ2 stand for the lu-
minescence lifetimes for the quick and slow decays, respectively. Ac-
cordingly, the average lifetime (τ*) can be calculated by the following
formula:
= + +
∗τ A τ A τ A τ A τ( )/( )1 12 2 22 1 1 2 2 (2)
After calculation, the decay time for the host (λex= 378 nm,
λem=535 nm) was determined to be 11.42 μs, which is somewhat
comparable to the value of 14 μs calculated previously for YVO4 [36].
Fig. 4 presents the emission spectra for NBMVO:xEu3+ (x=0, 0.01,
0.02, 0.04, 0.06, 0.08, 0.12, 0.16 and 0.20) and NBMVO:ySm3+ (y=0,
0.01, 0.02, 0.06, 0.10 and 0.20) upon 378 nm excitation, as well as the
excitation spectra for NBMVO, NBMVO:0.04Eu3+ and
NBMVO:0.10Sm3+ monitored at diﬀerent wavelengths. It can be seen
that the emission spectral proﬁles for NBMVO:Eu3+ (Fig. 4a) and
NBMVO:Sm3+ (Fig. 4b) contain not only host emission bands but also
Eu3+ (peaks at 588, 607.5, 650 and 703.5 nm) and Sm3+ (peaks at 564,
611, 650 and 708 nm) characteristic emission bands, upon 378 nm
excitation. In the NBMVO:xEu3+ samples, the emission intensity of the
host emission decreases monotonously while the emission intensities of
the Eu3+ characteristic bands increase without saturation with in-
creasing Eu3+ concentration x from 0.01 to 0.20, as shown in Fig. 4c.
Fig. 2. FT-IR spectra for NBMVO, NBMVO:0.12Eu3+ and NBMVO:0.10Sm3+
samples.
Fig. 3. (a) Room temperature PL (λex= 378 nm) emission and excitation (λem= 535 nm) spectra of Na2BiMg2(VO4)3, the inset shows the sample under daylight and
under a 365 nm UV lamp; (b) The luminescence decay curve of the host excited at 378 nm and monitored at 535 nm.
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The peaks at 588, 607.5, 650 and 703.5 nm can be assigned to the Eu3+
5D0→7FJ(J=1,2,3,4) transitions, respectively [37]. The excitation spec-
trum for NBMVO:0.04Eu3+ monitored at 535 nm in Fig. 4a shows the
same proﬁle consistent with the NBMVO host, which suggests that the
band around 535 nm originates from host emission. Monitored at the
Eu3+ characteristic peak at 607.5 nm, the excitation spectrum exhibits
not only the host excitation band but also Eu3+ characteristic excitation
peaks at 392, 463 and 532 nm, which correspond to transitions from the
Eu3+ ion's 7F0 ground state to the 5L6, 5D2 and 5D1 excited states, re-
spectively.
For NBMVO:ySm3+ samples, the emission intensity of the host lu-
minescence also decreases monotonously while the emission intensities
of Sm3+ characteristic bands increase and reach a maximum at
y=0.10 with increasing Sm3+ concentration x from 0.01 to 0.10. With
further increasing Sm3+ concentration the Sm3+ emission peaks then
decrease again, as displayed in Fig. 4d, which may be attributed to the
concentration quenching of Sm3+ ions. The peaks at 564, 611, 650 and
708 nm in NBMVO:Sm3+ are assigned to the Sm3+ 4G5/2→6HJ(J=5/2,7/
2,9/2,11/2) transitions, respectively [38]. Similarly, the excitation spec-
trum monitored at the characteristic Sm3+ peak at 650 nm for the
NBMVO:0.10Sm3+ material shows not only a host excitation band but
also Sm3+ characteristic excitation peaks at 402 and 465 nm, corre-
sponding to transitions from the Sm3+ ion's 6H5/2 ground state to the
6P3/2 and 4I13/2 excited states, respectively. These results can demon-
strate the eﬃcient energy transfer from the vanadate host to the Eu3+
or Sm3+ ions in these NBMVO: Eu3+/Sm3+ materials.
3.3. Decay times and CIE chromaticity coordinates
Luminescence decay curves have been measured for diﬀerent
NBMVO:xEu3+ (x= 0.04, 0.06, 0.08, 0.12 and 0.16, λex= 378 nm,
λem= 607.5 nm) and NBMVO:ySm3+ (y= 0.01, 0.02, 0.06, 0.10 and
0.20, λex= 378 nm, λem= 650 nm) samples, as displayed in Fig. 5a
and b, respectively. All the curves could be ﬁtted well with a single
exponential function as follows [39]:
= − +I I t τ Aexp( / )0 (3)
where I0 and I are the luminescence intensities at time 0 and t, re-
spectively. A is a constant, τ is the luminescence decay lifetime. As for
NBMVO:xEu3+, the decay times are found to be 779, 805, 815, 827 and
807 μs corresponding to x=0.04, 0.06, 0.08, 0.12 and 0.16, respec-
tively. It can be observed that the decay time ﬁrst slightly increases
from 779 to 827 μs with increasing x= 0.04 to 0.12 in NBMVO:xEu3+,
and decrease with further concentration x=0.16, while it decreases
monotonously from 866 to 403 μs with corresponding y= 0.01 to 0.20
in NBMVO:ySm3+. In general, both the energy transfer from the host to
the Eu3+ or Sm3+ ions and self-interactions between Eu3+ ions or
Sm3+ ions (concentration quenching, cross-relaxation) can inﬂuence
the luminescence lifetimes of the Eu3+ or Sm3+ ions, in which the
former can increase the decay times of activators on contrary to the
later one. In NBMVO:xEu3+, the ﬁrst increase of the decay time from
x=0.04 to 0.12 illustrates that eﬃcient energy transfer from the host
to the Eu3+ ions can predominate the Eu3+ decay times in this con-
centration range, while concentration-quenching only becomes an issue
when x reaches 0.16, from where the Eu3+ decay times start to de-
crease. In the NBMVO:ySm3+ sample series, the self-interactions be-
tween Sm3+ ions always dominates the contribution to the Sm3+ decay
times. The longest decay time is found for the least concentrated sample
(y= 0.01) and the decay times decrease slightly from 866 to 816 μs
with corresponding y= 0.01 to 0.06 and then more rapidly with fur-
ther increasing y, which is associated to the cross-relaxation and con-
centration quenching eﬀect. This result further conﬁrms that the op-
timal doping concentration of Sm3+ ions in this NBMVO host lattice is
y= 0.10.
The CIE chromaticity coordinates for NBMVO:xEu3+ (x= 0, 0.01,
0.02, 0.04, 0.06, 0.08, 0.12, 0.16 and 0.20) and NBMVO:ySm3+ (y=0,
0.01, 0.02, 0.06, 0.10 and 0.20) upon 378 nm excitation have been
calculated and depicted in Fig. 6a and b, respectively. Detailed values of
the CIE chromaticity coordinates are listed in Table 1. It can be seen
that the emission colour varies from yellowish green to orange for the
Eu3+ doped samples and to light orange for the Sm3+ doped samples
Fig. 4. (a) Variation of the emission spectra for
NBMVO:xEu3+ excited at 378 nm and the excitation
spectra of the host and NBMVO:0.04Eu3+; (b)
Variation of the emission spectra for NBMVO:ySm3+
excited at 378 nm and the excitation spectra of the
host and NBMVO:0.10Sm3+; (c) and (d) are the
corresponding variations of emission intensities of
the host and of the Eu3+ or Sm3+ ions as a function
of Eu3+ or Sm3+ concentration.
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with increasing Eu3+ and Sm3+ concentrations, respectively. Corre-
sponding photographs taken under a 365 nm laboratory UV lamp show
the varying emission colors clearly (insets in Fig. 6a and b).
3.4. Energy level diagram and energy transfer mechanism
Fig. 7 shows the excitation and emission processes of the (VO4)3-
group as well as the energy transfer processes from the (VO4)3- group to
the Eu3+ and Sm3+ ions. In case of the un-doped vanadate, the mole-
cular orbitals of the V5+ ion with Td tetrahedron symmetry have a
ground state 1A1 and excited states 1T1, 1T2, 3T1, and 3T2 [33,40]. Under
UV light radiation, the electrons in the ground state 1A1 can jump to
excited states 1T1 and 1T2, then the excess energy available with 1T1 and
1T2 states causes non-radiative decays to the 3T1,2 levels to produce the
emissions from 3T1,2 levels to the ground state 1A1. However, on doping
with Eu3+ and Sm3+, new energy levels 5D0,1 for Eu3+ and 4G5/2 for
Sm3+ are introduced between the ground state 1A1 and the 3T states.
Partial energy available in 3T1 and 3T2 levels is exploited to populate
the Eu3+ excited states 5D0 and 5D1, respectively. Similarity, partial
energy available in 3T2 level is utilized to populate the Sm3+ excited
state 4G5/2. Consequently, the Eu3+ and Sm3+ characteristic emissions
can be enhanced via eﬃcient energy transfer from the (VO4)3- group to
Fig. 5. Decay curves for (a) NBMVO:xEu3+ (x= 0.04, 0.06, 0.08, 0.12 and 0.16, λex= 378 nm, λem=607.5 nm) and (b) NBMVO:ySm3+ (y=0.01, 0.02, 0.06, 0.10
and 0.20, λex= 378 nm, λem= 650 nm) samples.
Fig. 6. Variation of the CIE chromaticity coordinates for (a) Na2BiMg2(VO4)3:xEu3+ and (b) Na2BiMg2(VO4)3:ySm3+ excited at 378 nm, and corresponding lumi-
nescence photographs under 365 nm UV lamp excitation.
Table 1
CIE chromaticity coordinates for Na2BiMg2(VO4)3:xEu3+ and Na2BiMg2(VO4)3:ySm3+ excited at 378 nm.
Na2BiMg2(VO4)3:xEu3+ CIE coordinates (x, y) Na2BiMg2(VO4)3:ySm3+ CIE coordinates (x, y)
x= 0 (0.363, 0.506) y=0 (0.363, 0.506)
x= 0.01 (0.397, 0.491) y=0.01 (0.396, 0.493)
x= 0.02 (0.426, 0.475) y=0.02 (0.404, 0.486)
x= 0.04 (0.452, 0.458) y=0.06 (0.421, 0.470)
x= 0.06 (0.474, 0.444) y=0.10 (0.436, 0.460)
x= 0.08 (0.483, 0.434) y=0.20 (0.444, 0.456)
x= 0.12 (0.502, 0.420) Na2BiMg2(VO4)3:xEu3+ CIE coordinates (x, y)
x= 0.16 (0.532, 0.414) x= 0.20 (0.554, 0.398)
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the Eu3+ and Sm3+ ions under UV excitation.
Generally, two main kinds of mechanisms named exchange inter-
action and multipolar interactions are often adopted to depict the en-
ergy transfer phenomena in luminescent materials. The exchange in-
teraction requires that sensitizers are close to the activators [41], that
is, the critical distance Rc should be less than 5 Å, which can be ex-
cluded here (we can evaluate the Rc for Eu3+ and Sm3+ doped samples
are 29 Å and 23.5 Å from the Rc formula [42]). Therefore, primarily
multipolar interactions are assumed to dominate the energy transfer
mechanisms from the (VO4)3- groups to the Eu3+ and Sm3+ ions in
NMBVO. According to the Dexter's energy transfer expressions of
multipolar interactions and Reisfeld's subsequent approximation
[43,44], the formula concerning luminescence quantum eﬃciency (η)








where ηS and ηS0 correspond to the luminescence quantum eﬃciencies
of the (VO4)3- groups with and without the addition of Eu3+ or Sm3+
ions, respectively. C is the concentration of activators such as Eu3+ or
Sm3+ here. n=6, 8 and 10 correspond to electric dipole-dipole
(DMSO-d6), dipole-quadrupole (d-q) and quadrupole-quadrupole (q-q)
interactions, respectively [43]. Since it is diﬃcult to acquire the exact
values of ηS/ηS0 in common cases, the values of IS0/IS is often used to








In which IS0 and IS refer to the luminescence intensities of the
(VO4)3- groups without and with the incorporation of Eu3+ or Sm3+,
respectively. Therefore, we have plotted the relationships between the
calculated values of IS0/IS and the corresponding Cn/3 in Fig. 8a–f. As
exhibited in Fig. 8, linear ﬁttings for the diﬀerent n values have been
conducted, and the best linear ﬁtting relationships have been found for
n=8 for Eu3+ and n=6 for Sm3+ NBMVO samples, illustrating the
dominant energy transfer mechanisms from the (VO4)3- group to Eu3+
and Sm3+ in NBMVO:Eu3+ and NBMVO:Sm3+ phosphors are electric d-
q and DMSO-d6 interactions, respectively.
4. Conclusions
In conclusion, we prepared a novel kind of vanadate
Na2BiMg2(VO4)3 via the substitution of Ca2+ ions by Na+ and Bi3+
ions in Ca2NaMg2(VO4)3. It is a self-activated phosphor with the
emission band ranging from 400 to 800 nm peaking at 535 nm upon
378 nm excitation, which can be decomposed into two symmetric bands
around 521 and 579 nm, corresponding to the 3T2→1A1 and 3T1→1A1
transitions of the (VO4)3- group. Its excitation spectrum shows a wide
band with two peaks at 324 and 378 nm, which originate from the
1T2→1A1 and 1T1→1A1 transitions of the (VO4)3- tetrahedron, respec-
tively. On doping Eu3+ or Sm3+ into the host, the emission spectra
display not only host emission but also characteristic Eu3+ or Sm3+
emission bands. The excitation spectra monitored at Eu3+ (607.5 nm)
and Sm3+ (650 nm) for NBMVO:0.04Eu3+ and NBMVO:0.10Sm3+
show both the host excitation band but also characteristic Eu3+ and
Sm3+ excitation peaks, which illustrates the eﬃcient energy transfer
Fig. 7. Schematic diagram for energetic processes of the vanadate group and energy transfer (ET) in the system (NR: non-radiative relaxation).
Fig. 8. Dependence of IS0/IS of the (VO4)3- groups and Eu3+ on C6/3 (a), C8/3 (b), and C10/3 (c) in NBMVO:Eu3+ and Sm3+ on C6/3 (d), C8/3 (e), and C10/3 (f) in
NBMVO:Sm3+.
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from the (VO4)3- groups to the Eu3+ and Sm3+ ions. Moreover, the
variation of the emission spectra (tunable luminescence colors) and
corresponding decay times of NBMVO:Eu3+ and NBMVO: Sm3+ with
diﬀerent Eu3+ and Sm3+ concentrations further illustrate the energy
transfer processes. The energy transfer mechanisms for NBMVO:Eu3+
and NBMVO: Sm3+ have been determined to be electric dipole-quad-
rupole and dipole-dipole interactions, respectively. These results sug-
gest that the as-prepared materials can serve as a candidate for tunable
luminescence phosphors applied in UV/n-UV w-LEDs.
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